We have studied the consequence of different functionalization types onto the decoration of multi-wall carbon nanotubes (MWCNTs) surface by nanoparticles of bismuth and nickel oxides. Three organic molecules were considered for the functionalization: 5-amino-1,2,3-benzenetricarboxylic acid, 4-aminobenzylphosphonic acid and sulfanilic acid. Nanotubes modification with in situ created diazonium salts followed by their impregnation with suitable salts [ammonium bismuth citrate and nickel (II) nitrate hexahydrate] utilizing infrared (IR) irradiation was found the crucial stage in the homogeneous impregnation of functionalized CNTs. Furthermore, calcination of these samples in argon environment gave rise to controlled decorated MWCNTs. The currently used technique is simple as well as effective. The synthesized materials were characterized by XPS, PXRD, FESEM, EDX, HRTEM and Raman spectroscopy. Bismuth oxide decorations were successfully performed using 5-amino-1,2,3-benzenetricarboxylic acid (particle size ranges from 1 to 10 nm with mean diameter ~ 2.4 nm) and 4-aminobenzylphosphonic acid (particle size ranges from 1 to 6 nm with mean diameter ~ 1.9 nm) functionalized MWCNTs. However, only 4-aminobenzylphosphonic acid functionalized MWCNTs showed strong affinity towards oxides of nickel nanoparticles (mainly in hydroxide form, particles size ranging from 1 to 6 nm with mean diameter ~ 2.3 nm). Thus, various functions arranged in the order of their increasing anchoring capacities are as follows: sulfonic < carboxylic < phosphonic. The method is valid for large-scale preparations. These advanced nanocomposites are potential candidates for various applications in nanotechnology.
Introduction
Carbon nanotubes (CNTs) [1] are one of the great carbonaceous nanomaterial displaying interesting properties such as high aspect ratio (~ 1000), remarkable tensile strength, chemical stability, huge surface area, notable electrical and thermal properties. Such properties are linked to their functionalities, structure and morphology [2] which make CNTs potential candidates for different applications such as in tissue engineering [3] , solar and fuel cells, hydrogen storage and generation [4] , supercapacitors, lithium ion batteries, field emission sources and electrochemical sensors [5] , to cite a few. CNTs are usually categorized into single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) [6] . Double-wall CNTs also exist and have been even diazotized for further surface modification [7] .
Most of the as-synthesized CNTs powders contain not only CNTs, but also other carbonaceous impurities (amorphous carbon, nanocrystalline graphite and fullerenes), metallic catalysts and support (silica and alumina) [8] [9] [10] . These impurities are detrimental to CNTs application performances. To avoid this problem, impurities should be first removed without destroying the CNTs structure [11] . In the literature, chemical oxidation has been widely utilized to purify as-prepared CNTs. It comprises gas phase (utilizing O 2 , Cl 2 , H 2 O, air, etc.), electrochemical as well as liquidphase oxidation (involving acid treatment, etc.). The usual oxidants in liquid-phase oxidation are H 2 O 2 , H 2 SO 4 , HNO 3 , HCl and KMnO 4 have disadvantages: CNTs cutting, CNTs extremities opening and formation of undesired products on the CNTs surface [12] . Most of these limitations are avoided using a basic treatment [13] .
To extend the range of their applications, CNTs are often decorated with various metals [14] , metal oxides [15] and semiconducting nanoparticles [16] to improve their electric, optical and magnetic properties [17] [18] [19] .
The nanoscale dimension (size < 10-20 nm) of these metals or metal oxides particles confers unique magnetic, chemical and optical properties, but they decrease with the particle size and mainly disappear beyond 40-50 nm [20] .
Nanoparticles provide large surface area for adsorption [21] , increase sensitivity for molecule detection [22] , tune magnetic [23] and optical properties [24] . For example, bismuth can change from a semi-metal to a semi-conductor which makes it very interesting among nanosized materials [25, 26] . Due to its large band gap (2.4-3.96 eV) [27] , bismuth oxide (Bi 2 O 3 ) exhibits high dielectric permittivity, photoluminescence, oxide ion conductivity, high refractive index and photocatalytic activity. This makes it one of the most useful materials in nanotechnologies. It has various applications such as in the biomedical field [28] , superconductors [29] , fuel cells, sensors, catalysis [27] , etc. Bi 2 O 3 exists in five polymorphs: α (monoclinic), β (tetragonal), γ (bcc), δ (fcc) and ε (triclinic) [30] . α form is stable at low temperature (room temperature) and it changes into δ phase through heating at a higher temperature (729 °C), but comparatively other forms (β, γ and ε forms) are metastable. α-Bi 2 O 3 , β-Bi 2 O 3 and δ-Bi 2 O 3 forms display photocatalytic activity, but the more active heterogeneous photocatalyst is β-Bi 2 O 3 [31, 32] .
Nickel nanoparticles are used in numerous fields [33] due to their catalytic, magnetic and tribological properties [34] . Furthermore, compounds based on nickel exhibit high electrochemical performances [35] . For example, among the various transition metal oxides/hydroxides pseudo-capacitive materials, nickel hydroxide is a striking candidate in highperformance supercapacitors due to the fact that it shows excellent chemical stability, high specific capacitance, easy preparation (cost effective), distinct redox activity, layered structure and various morphologies [36] . However, the low life cycle of pseudo-capacitive Ni(OH) 2 and its poor electrical conductivity limit their practical applications [37] . This problem can be solved by combining with conductive additives such as graphene, carbon nanotubes, etc.
Various methods have been reported for MWCNTs decoration with nickel or nickel oxide/hydroxide nanoparticles, but only a few with bismuth or bismuth oxide nanoparticles [5, 16, 38] . The control of the dispersion, agglomeration and uniformity is not yet completely resolved.
To avoid these limitations, optimizations are needed at all steps of elaboration of the nanoparticles: (a) type of functionalization method and the structure of grafting molecules, (b) use of different salts or classical/IR heating during impregnation [39] , and (c) time and temperature of calcination [40] .
CNTs functionalization is a key step towards their decoration with metal or metal oxides nanoparticles. It can be performed with aryl diazonium salts grafting which is an efficient method to modify various surfaces with different compounds including nanoparticles [41] [42] [43] .
Among different aryl diazonium salts, the ones containing carboxylic, phosphonic and sulphonic group are very interesting for CNTs functionalizations, because they contain highly acidic groups and their deprotonation leads to negatively charged ions which interact with positively charged metal ions and favor the so-called impregnation. Thus, their comparison in terms of anchoring affinity is of interest. 5-amino-1,2,3-benzenetricarboxylic acid, 4-aminobenzylphosphonic and sulfanilic acids have been chosen in this comparative study due to their cost, industrial availability and their potentials in future applications. The ions concentration on the CNTs surfaces together with their complexation ability with the acidic function strongly influences the quality of the generated nanoparticles.
The impregnation via IR irradiation leads to tiny nanocrystals evenly anchored on CNTs surface [11] . This IR effect is due to the photo-absorption and thermal properties of CNTs. Their ability to absorb IR irradiation, and promptly transferring the electronic excitations to molecular vibration energies, produces heat and activates the chemical processes [39] . Without IR irradiation, agglomerated particles tend to form with a very poor anchorage to the CNTs surfaces.
The present work focuses on the effect of chemical functionalization (carboxylic, phosphonic and sulphonic groups) of MWCNTs on the quality of bismuth and nickel nanoparticles: size, morphology, nature, distribution and anchorage on the MWCNTs surface ( Fig. 1 ).
Materials and methods
Chemicals 5-Amino-1,2,3-benzenetricarboxylic acid (97%), ammonium bismuth citrate (≥ 99%) (ABC), nickel (II) nitrate , ACS and Prime Organics Inc., respectively. NaNO 2 (99.2%), HClO 4 (70%), acetone (> 99%), NaOH (≥ 98%) and pentane (99%) were received from Fisher-Scientific, Merck, Chem Lab, ACS Reagent and Lab Scan Analytical Sciences, respectively. All these chemicals were used without further purification.
Nanocyl SA (Belgium) MWCNTs (NC 7000) (> 95%, average diameter = 10 nm, length = 0.1-10 μm) were used after purification (Section "MWCNTs purification and functionalization"). Milli-Q water (18.2 MΩ cm) was used in all experiments.
Apparatus
Functionalization and impregnation were performed under IR irradiation utilizing a Petra IR 11 lamp (voltage: 230 V and capacity: 150 W). PAN analytical diffractometer was used to perform X-Ray powder diffraction (XRD) studies. It was maintained at tube current: 30 mA and operating voltage: 45 kV with Cu Kα radiation (λ = 1.5418Å). Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS) with a hemispherical analyzer and a monochromatized Al Kα radiation (1486.6 eV) was used. The most intense peak of the core level was calibrated with respect to the C1s component (set at 284.6 eV). Tecnai 10 Philips microscope was used to carry out transmission electron microscopy (TEM) analyses. Their samples preparation steps comprise dispersion in ethanol and then drop casting onto grid (carbon coated copper). This instrument was handled at emission current: 5 µA and accelerating voltage: 80 kV with spot size: 3. HR-TEM, Tecnai G 2 was functioned at emission current: 5.77 µA, accelerating voltage: 200 kV and spot size − 1. FESEM is realized via JEOL JSM-7500F microscope. It is equipped with EDX and worked at accelerating voltage: 15 kV and emission current: 20 µA (working distance: 8 mm). Raman studies were performed using ST-BX51E Raman optical microscope. Conditions include excitation laser: Ar 514.5, exposure time: 5 s, number of accumulations: 10, number of kinetics: 1, laser power: 100 MW and software: STR (Raman).
Synthesis of the nanocomposites

MWCNTs purification and functionalization
The MWCNTs purification [13, 20] and their functionalization using 5-amino-1,2,3-benzenetricarboxylic acid were carried out according to our previously method [20] . To get purified MWCNTs (p-MWCNTs), a mixture of crude MWC-NTs (1 g) and 12 M NaOH (100 ml) solution was refluxed at 170 °C for 12 h. Furthermore, thinned with water, filtered, flushed with water and then with acetone and finally dried. For functionalization with 5-amino-1,2,3-benzenetricarboxylic acid (p-MWCNTs-D3), a mixture of purified MWCNTs (80 mg), 5-amino-1,2,3-benzenetricarboxylic acid (150 mg), H 2 O (10 ml), NaNO 2 (46 mg) and HClO 4 (69 µl,) was IR irradiated for 1 h under constant magnetic stirring. Then, it was filtered, washed with pentane and then with acetone and lastly dried. The same procedure was used to functionalize p-MWCNTs with 4-aminobenzylphosphonic (125 mg) and sulfanilic (115 mg) acids. These are referred to as p-MWC-NTs-CH2P1 and p-MWCNTs-S1, respectively.
Impregnation on functionalized MWCNTs
Ammonium bismuth citrate, ABC 1.875 g (0.01 M) was dissolved in 100 ml water. Then, p-MWCNTs-D3 was added to this solution. The mixture was subjected to sonication (5 min) and then IR irradiated (2 h.) under constant agitation. Afterward, it was filtered, washed with water and then acetone and finally dried. This sample is known as p-MWCNTs-D3/ABC. The other functionalized nanotubes (p-MWCNTs-S1 and p-MWCNTs-CH2P1) were impregnated using the same procedure and marked as p-MWCNTs-S1/ABC and p-MWCNTs-CH2P1/ABC, correspondingly. On the same basis, 0.291 g (0.01 M) nickel (II) nitrate hexahydrate (NNH) was used in the formation of p-MWCNTs-D3/NNH, p-MWCNTs-S1/NNH and p-MWCNTs-CH2P1/ NNH. 
Calcination of impregnated MWCNTs
The calcinations of the impregnated samples were carried out in a furnace furnished with a quartz tube. p-MWCNTs-CH2P1/NNH were calcined at 400 °C for 2 h in a continuous argon gas environment lead to p-MWCNTs-CH2P1/ONi. To avoid the problem of bismuth metal evaporation during heating, p-MWCNTs-D3/ABC and p-MWCNTs-CH2P1/ABC were first calcined at 250 °C for 30 min in air to convert bismuth to bismuth oxide (bismuth oxide having a higher melting point than bismuth) and further heated in an argon gas environment at 350 °C for 30 min to form p-MWCNTs-D3/OBi and p-MWCNTs-CH2P1/OBi, respectively.
Results and discussion
At the different steps of their elaboration, the synthesized materials have been characterized by XPS, PXRD, FESEM, EDX, HRTEM and Raman spectroscopy.
Crystal structure study by PXRD
PXRD analysis gave data about the crystal structure of nanoparticles (Fig. 2) . The nature of particles is discussed in the next paragraph. In all cases, the peak found at 2θ = 25.89° is allocated to (002) plane of graphitic carbon. The reflections from (100), (004) and (110) plane of MWCNTs are related to the peaks at 2θ = 42.65°, 53.19 and 77.89°, respectively [44] . Some of these peaks are not prominent in some samples (p-MWCNTs-D3/OBi and p-MWCNTs-CH2P1/OBi).
In the case of p-MWCNTs-D3/OBi samples (Fig. 2b) [16] . Their sharp and resolved structure is indicative of the well-crystallized nature of Bi 2 O 3 NPs. The peak intensity and position also points to the formation of the tetragonal Bi 2 O 3 β-phase {space group: P-421c, space group number: 114, a(Å) = 7.7430, b(Å) = 7.7430, c(Å) = 5.6310 and α = β = γ = 90°}. PXRD patterns of p-MWCNTs-CH2P1/OBi (Fig. 2c ) also prove that bismuth is in Bi 2 O 3 form (β-phase) and crystalline. On the contrary, the nickel hydroxide nanoparticles on p-MWCNTs-CH2P1/ONi are highly amorphous as no well-resolved PXRD peaks are observed (Fig. 2d ). It is found from the literature that it is in α-Ni(OH) 2 form [45] . There is a change in the peak intensity at 25.89° in the XRD pattern (Fig. 2b, c) . This is related to the amount of Bi 2 O 3 on the CNTs surface. Increased concentration effects CNTs structures to a large extent which is why the peak at (002) is less intense in p-MWCNTs-D3/OBi than in p-MWCNTs-CH2P1/OBi. It is reported in the literature that the increase in the loading of particles causes a significant decrease in the peak intensity of CNTs especially the one at 25.89° and the particle peak becomes more intense [46] . 
Materials morphology by TEM
TEM micrographs of crude MWCNTs, purified MWCNTs and calcined samples are given in Fig. 3 . TEM analysis is used to determine the particles sizes and their distribution. Crude MWCNTs (Fig. 3a) contain a large amount of impurities, mainly alumina (Eq. 1) [11] , eliminated after the NaOH treatment step (Fig. 3b ). This basic treatment carried out at 170 °C has definite advantages over acidic actions which cause significant damages to the nanotubes: MWCNTs cutting and establishment of needless functional groups on the surface. Catalytic chemical vapor deposition method is used by NANOCYL Company to synthesize MWCNTs. The present method does not remove completely the catalyst (transition metal) impurity, but it is not a problem because it is in an insignificant amount as confirmed by TEM and other characterizations. More importantly, NaOH treatment is used to purify MWCNTs as this is non-destructive method.
TEM micrographs display that the bismuth oxide decorations were observed on 5-amino-1,2,3-benzenetricarboxylic
acid functionalized MWCNTs (Fig. 3c ). The particle size varies from 1 to 10 nm, with a Gaussian mean diameter ~ 2.4 nm (Fig. 4a ). In 4-aminobenzylphosphonic acid functionalized MWCNTs (Fig. 3d ) the particle size ranges from 1 to 6 nm, with a Gaussian mean diameter ~ 1.9 nm (Fig. 4b) . However, only 4-aminobenzylphosphonic acid functionalized MWCNTs has enough affinity for the oxides of nickel nanoparticles (Fig. 3e ), mainly in their hydroxide form. Their particle size ranges from 1 to 6 nm, and Gaussian mean diameter ~ 2.3 nm (Fig. 4c) . Thus, the various functions arranged in the order of their increasing anchoring capacities are as follows: sulfonic < carboxylic < phosphonic. This trend can be explained based on the fact that phosphonic has two removable hydrogens, while sulphonic and carboxylic groups have only one. As the functionalized MWCNTs with these groups are dispersed in water, they dissociate to produce negatively charged anion (the more the anions produced, the more is the anchoring affinity) which can attract positively charged metal ions during the impregnation step. So, definitely, we expect the phosphonic group to exhibit a larger anchoring ability. Though carboxylic and sulphonic groups have the same number of replaceable hydrogens, here, we have used tricarboxylic groups to maximize the anchoring ability. The nanoparticles are homogeneously decorating the MWCNTs. No free nanoparticles are observed outside the carbon nanotube surfaces.
Raman characterization of materials
Raman spectroscopy is commonly applied to probe the quality of the carbon nanotubes. In the crude MWCNTs, Raman spectra ( Fig. 5a ), D band (1341 cm −1 ) and G band (1571 cm −1 ) are the main features. D band is a disorderinduced characteristic, mainly accredited to the occurrence of amorphous or disordered carbon structures [47] . There is also a small shoulder peak D′ at around 1610 cm −1 which is allocated to the disordered symmetry of the carbon sp 2 network [48] . This peak is more pronounced in p-MWCNTs-D3/OBi. The I D /I G ratio change from 1.03 to 0.87 in the case of Bi 2 O 3 nanoparticles can be related to its amount which influences the lattice of MWCNTs by creating more defects. So more Bi 2 O 3 nanoparticles (p-MWCNTs-D3/OBi) leading to more defect and hence increasing the I D /I G ratio, but when it is the reverse case (p-MWCNTs-CH2P1/OBi), I D /I G is less. Thus, the parameter used to check the quality (level of alteration or imperfections of MWCNTs) is I D /I G ratio. This ratio is 1.19 for crude MWCNTs indicating that it has inherent defects incorporated during their synthesis, but it decreases after the purification (Fig. 5b-e ) and decoration steps. This indicates again that the present adopted method conserves the overall integrity of the MWCNTs as well as improves their quality. This is one of the advantages of the present work over other methods which suffer from material quality problems (disorder in the carbon wall) after the modification of CNTs with nanoparticles [49, 50] .
Mapping of the materials surface by EDX
Elemental compositions of synthesized materials obtained through EDX are listed in Table 1 and the corresponding spectra are displayed in Fig. 6 . EDX mapping images of the crude MWCNTs (Fig. 7a ) clearly indicate the presence of Al, Si, and O species originating from the support used in the carbon nanotubes synthesis. They are fully removed after the purification process (Fig. 7b ) indicating its effectiveness. Table 1 shows the presence of the characteristic elements in the different samples. They are in line with the XPS data and authorize the success of nanocomposites synthesis. 
Materials chemical composition by XPS
XPS is used to determine the surface atomic composition of the materials as well as to probe the chemical states of the metallic species. Elemental compositions of the different samples obtained from the XPS analysis are listed in Table 2 . The final calcined samples and purified MWCNTs' survey spectra are given in Fig. 8 . Purified MWCNTs exhibit traces of oxygen due to the presence of some residual oxygenated species (C-O). After the functionalization steps, significant enhancement in the oxygen amount was noticed along with the existence of other elements (P or S) characteristic of the acid functions of the aryl diazonium salts used in the functionalizations. Also, nitrogen was evidenced due to the occurrence of azo connection [41, 51] (Fig. 1 ). Diazonium species (in situ generated in our case from parent aniline) are unstable and leads mainly to -C-C-covalent bond formation and to a lesser extent to C-NN-C covalent bonds (azo connection) on the CNTs. The occurrence of nitrogen in the functionalized sample is confirmed by XPS. It can be noticed that the nitrogen amount seems to be a function of the nature of the aromatic side groups ( Table 2) . The above facts clearly indicate the effective modification of the purified MWCNTs by the aryl diazonium salts bearing tricarboxylic, phosphonic or sulphonic acid groups. Effective impregnation with ABC was observed with tricarboxylic and phosphonic groups, while successful impregnation with NNH was observed only with the phosphonic group indicating that it has a higher affinity than the sulphonic group for complexing this metal salt. This is based on the fact that in p-MWCNTs-S1/ABC, Bi is present only in very small quantity, contrary to the other case. So, only p-MWC-NTs-D3/ABC and p-MWCNTs-CH2P1/ABC were considered in further experiments. Out of p-MWCNTs-D3/NNH, p-MWCNTs-S1/NNH, and p-MWCNTs-CH2P1/NNH, only p-MWCNTs-CH2P1/NNH was considered as it has the highest amount of Ni. So, along with purified MWCNTs used for comparison, only these three samples were considered and the complete characterizations were provided for their calcined derivatives which are our targeted samples. In the case of p-MWCNTs-S1 (Table 2) , sodium is present but disappears after the impregnation. The metals remain in the samples after calcination. Only the effective decorated samples are highlighted in bold ( Table 2) . As it can be seen in some of the calcined samples, nitrogen is still present but in very low amount, indicating that after calcination, most of the aryl connections disappear.
In the XPS fitting, the most intense peak of the corelevel spectra was adjusted with respect to the C1 s level (284.6 eV). Thermo Avantage software is used for XPS peak fitting. Gauss-Lorentz Mix was very useful for C1s asymmetric peak fitting [52] . Indeed, FWHM of the peaks fixed with reasonable range. C1 s core-level XPS spectra of purified MWCNTs, p-MWCNTs-D3, p-MWCNTs-CH2P1, and p-MWCNTs-S1 are depicted in Fig. 9 . The analysis of C1s XPS data of p-MWCNTs-D3 (Fig. 9b ) evidences the presence of six peaks [53] . The first peak (right side), broad asymmetric and intense, is a result of sp 2 -hybridized graphitic carbon occurring at 284.4 eV. Whereas, the peak at 285.4 is accountable for sp 3 -hybridized character of carbons indicative of structural imperfections on the CNTs. It is very usual to see peculiar line-shape, asymmetrically broadened C1s peak with a very slow decreasing intensity very slowly towards higher binding energy side in carbonaceous materials such as graphites, vitreous carbons, carbon nanotubes, etc. [54] . This is related to its conductive nature. Furthermore, modification with different groups creates defects which also contribute to the C1s peak shape [55] . Thus, the asymmetry factor is related to semi-metal effects happening from conduction band electrons [52] . The peaks corresponding to carbon attached to oxygen single bonds (C-O), carbon attached to oxygen double bonds (C=O) and carbon associated with two oxygen atoms (-COO) occur at 286.3, 287.5 and 289.6 eV, respectively. It is worth to note that C-O C1s peak component in all the samples (Fig. 9 ), except in p-MWCNTs-D3 ( Fig. 9b) , is weak and narrow, because p-MWCNTs-D3 contains three carboxylic groups.
Lastly, the aromatic characteristic shake-up peak of CNTs appears at 290.5 eV. While considering p-MWCNTs-CH2P1 and p-MWCNTs-S1, the peaks related to C-P ( Fig. 9c ) and C-S ( Fig. 9d ) bounds, respectively, are not clearly detectable, because they appear at similar energies as the sp 2 C-C feature [56] [57] [58] [59] . The peaks correspond to P2p (133.7 eV) and S2p (168.5 eV) for p-MWCNTs-CH2P1 and p-MWC-NTs-S1, respectively ( Fig. 9 ). These energies indicate that P and S atoms are in an oxidized form. XPS does not provide direct evidence on the carbon-carbon chemical bond between CNTs and added species. However, it does it indirectly by measuring the C-C sp 3 component indicative of CNTs external surface structural defects resulting from the covalent functionalization. When comparing the fittings of purified and functionalized MWCNTs, a significant enhancement is observed in the C-C sp 3 peak intensity. The major difference is found in the case of the tricarboxylic group (Fig. 9) .
XPS high-resolution spectra of metal oxides present in p-MWCNTs-D3/OBi, p-MWCNTs-CH2P1/OBi and p-MWCNTs-CH2P1/ONi are revealed in Fig. 10 . In p-MWCNTs-D3/OBi, the Bi 4f spectrum (Fig. 10a) consists The circumstances are similar for p-MWCNTs-CH2P1/ OBi (Fig. 10b ) (Bi 4f 7/2 and Bi 4f 5/2 at 159.9 and 165.2 eV, respectively). In p-MWCNTs-CH2P1/ONi (Fig. 10c) , the peaks position and pattern of the Ni2p spectrum reveal that Ni is mostly in hydroxides form [61] .
Reaction pathway
Organic compounds possessing a common functionality R-N 2 + X − (where R = alkyl, aryl and X = counter anion) are known as diazonium salts. The key mechanism of diazonium formation is displayed in Fig. 11 . Mostly, diazonium salts synthesis is obtained via reaction of aromatic amines and nitrous acids (normally, in situ produced nitrous acid is achieved by treating sodium nitrite with a mineral acid) resulting in a nitrosyl cation (Fig. 11a ). Perchloric acid is used in the present case. In this work, the impurities on crude MWCNTs are removed by refluxing them in NaOH aqueous solutions [62] . A simple technique for their functionalization is applied by creating in situ diazonium compounds from their respective parent anilines. The main advantage is that it does not require isolating the diazonium salts after their synthesis. When these react with the carbon surface, they form C-NN-C covalent bonds [41, 51] , but diazonium salts mostly undergo dissociation to form aryl cation (hetero-lytic detachment: aryl cation and N 2 ) and aryl radicals (e − donation through a reducing agent, de-diazoniation may occur via homo-lytic disconnection, leading to an unstable aryl radical and N 2 ) [63] which form -C-C-covalent bond after reacting with carbon surface (Fig. 1) . Thus, apart from C-NN-C covalent bonds' formation [64] , other possible interface [65, 66] . Furthermore, the latter can undergo dediazonation reaction leading to the formation of CNT-O-Aryl. Eventually, esterification can occur after reaction of carboxylates with diazonium groups followed by dediazonation. It is also possible that the diazonium can be adsorbed and remains attached to COO-groups from CNTs by electrostatic interactions [67] . The diazonium-grafted functions are reacted with the aqueous salt solutions (impregnation step). During this process, the acidic ends loose protons and react with the metallic cations. When IR irradiation is applied, metal precursors (ABC or NNH) are more efficiently impregnated on the MWCNTs surfaces [40] . After calcination, small nanoparticles are formed at the surface of the MWCNTs (Fig. 1 ).
Conclusions
The different functionalizations (5-amino-1,2,3-benzenetricarboxylic acid, 4-aminobenzylphosphonic acid and sulfanilic acid) impact the decorations of MWCNTs with oxides of bismuth and nickel nanoparticles. Crystalline bismuth oxide decorations were successfully achieved using functionalized MWCNTs with 5-amino-1,2,3-benzenetricarboxylic acid (particle size ranging from 1-10 nm, ~ 2.4 nm Gaussian mean diameter) and 4-aminobenzylphosphonic acid (particle size ranging from 1 to 6 nm, ~ 1.9 nm Gaussian mean diameter) functionalized MWCNTs. However, only 4-aminobenzylphosphonic acid functionalized MWCNTs showed sufficient affinity towards nickel oxides nanoparticles (mainly in hydroxide form, particle size ranging from 1 to 6 nm and ~ 2.3 nm Gaussian mean diameter). Bismuth oxide nanocrystal decoration on MWCNTs using 5-amino-1,2,3benzenetricarboxylic acid is considered for the first time. The increasing anchoring abilities of the different functions are as follows: sulfonic < carboxylic < phosphonic. 4-Aminobenzylphosphonic acid has been utilized fruitfully for the first time to decorate MWCNTs with metal oxide nanoparticles (Ni and Bi). Its anchoring capacities make it a promising molecule for yet-to-develop new materials by decorating MWCNTs with other metallic nanoparticles. The present methodology, in addition to its simplicity and effectiveness, is valid for large-scale preparations.
